We study quantum discord between two free modes of a massive scalar field in a maximally entangled state in de Sitter space. We introduce two observers, one in a global chart and the other in an open chart of de Sitter space, and the observers determine the quantum discord created by each detecting one of the modes. This situation is analogous to the relationship between an observer in a Minkowski chart and another in one of the two Rindler charts in flat space. We find that the state becomes less entangled as the curvature of the open chart gets larger. In particular, for the cases of a massless, and a conformally coupled scalar field, the entanglement vanishes in the limit of infinite curvature. However, we find that the quantum discord never disappears even in the limit that entanglement disappears.
of entanglement for pure states, has been studied in the Bunch-Davies vacuum [18] and in α-vacua [19, 20] . Entanglement negativity has been also studied in [21] . Since it was found that the entanglement between causally separated regions in de Sitter space exists, in [22, 23] the question was asked whether there are observable effects of entanglement on the cosmic microwave background (CMB) in our universe.
It was recently shown that quantum entanglement is not the only kind of quantum correlations possible, and are merely a particular characterization of quantumness. In fact, other quantum correlations have now been experimentally found, and quantum discord is known to be a measure of all quantum correlations, including entanglement [10, 11] . This measure can be non-zero even in the absence of entanglement. Quantum discord is a useful measure to discuss the performance of quantum computers, which has lead to a lot of works on this topic [12] . In order to see the observer dependence of all quantum correlations (ie.
the total quantumness), the quantum discord between two free modes of a scalar field in flat space, which are detected by two observers in inertial and non-inertial frames respectively, has also been discussed [13, 14] . They found that the quantum discord, in contrast to the entanglement, never disappears, even in the limit of infinite acceleration.
To construct a theory of gravity compatible with quantum field theory is one of the biggest challenges in modern physics. Hence, in trying to understand this problem fully it is important to study quantumness in the context of curved space. Moreover, it is one of the cornerstones of inflationary cosmology that the large scale structure of our universe and temperature fluctuations of the CMB originate from quantum fluctuations during the initial inflationary era. Therefore, this study of quantumness in curved spaces may itself lead to a better understanding of the initial stages of our universe and more precise predictions for cosmological observations. To this aim, quantum discord has recently been studied in a cosmological context [24, 25] .
In this paper, we extend the study of quantum discord in Rindler space to that in de Sitter space. In the case of Rindler space, the effect of a non-inertial frame on the quantum correlations has been studied. Since the non-inertial observer in Rindler space corresponds to the observer in an open chart of de Sitter space, we will see the effect of the curvature of the open chart on the quantum discord between two free modes of a massive scalar field in de Sitter space.
The organization of the paper is as follows. In section 2, we review the quantum information theoretic basis of quantum discord. In section 3, we quantize a free massive scalar field in de Sitter space and express the Bunch-Davies vacuum in a global chart in term of the
Fock space in open charts of de Sitter space. In section 4, we introduce two observers, Alice and Bob, who detect two free modes of the scalar field which start in an entangle state. We obtain the density operator for Alice and Bob. In section 5, we compute the entanglement negativity. In section 6, we evaluate the quantum discord in de Sitter space. In the final section we summarize our results and provide an outlook for possible future calculations.
Quantum discord
Quantum discord is a measure of all quantum correlations including entanglement for two subsystems [10, 11] . For a mixed state, this measure can be nonzero even if the state is unentangled. It is defined by quantum mutual information and computed by optimizing over all possible measurements that can be performed on one of the subsystems.
In classical information theory, the mutual information between two random variables A and B is defined as
where the Shannon entropy H(A) ≡ − A P (A) log 2 P (A) is used to quantify the ignorance of information about the variable A with probability P (A), and the joint entropy H(A, B) = − A,B P (A, B) log 2 P (A, B) with the joint probability P (A, B) of both events A and B occuring. The mutual information (2.1) measures how much information A and B have in common.
Using Bayes theorem, the joint probability can be written in terms of the conditional probability as
where P (A|B) is the probability of A given B. The joint entropy can then be written as
Plugging this into Eq. (2.1), the mutual information can be expressed as
where P (B) = A P (A, B) has been used, and the conditional entropy is defined as H(A|B) = − A,B P (B)P (A|B) log 2 P (A|B). ie. the average over B of Shannon entropy of event A,
given B. Eqs. (2.1) and (2.3) are classically equivalent expressions for the mutual information.
If we try to generalize the concept of mutual information to quantum system, the above two equivalent expressions do not yield identical results because measurements performed on subsystem B disturb subsystem A. In a quantum system, the Shannon entropy is replaced by the von Neumann entropy S(ρ) = −Trρ log 2 ρ where ρ is a density matrix. The probabilities P (A, B), P (A) and P (B) are replaced respectively by the density matrix of the whole system ρ A,B , the reduced density matrix of subsystem A, ρ A = Tr B ρ A,B , and the reduced density matrix of subsystem B, ρ B = Tr A ρ A,B .
In order to extend the idea of the conditional probability P (A|B) to the quantum system, we use projective measurements of B described by a complete set of projectors {Π i } = {|ψ i ψ i |}, where i distinguishes different outcomes of a measurement on B. There are of course many different sets of measurements that we can make. Then the state of A after the measurement of B is given by
A quantum analog of the conditional entropy can then be defined as
which corresponds to the measurement that least disturbs the overall quantum state, that is, to avoid dependence on the projectors.
Thus, the quantum mutual information corresponding to the two expressions Eqs. (2.1) and (2.3) is defined respectively by
The quantum discord is then defined as the difference between the above two expressions
The quantum discord thus vanishes in classical mechanics, however it appears not to in some quantum systems.
From global chart to open chart
Mode functions of a free massive scalar field in open charts of de Sitter space were studied in detail in [26] . By using the Bogoliubov transformation between the global and open charts, the density matrix and entanglement entropy were calculated in [18] . In this section, we review their results.
We consider a free scalar field φ with mass m in de Sitter space represented by the metric g µν . The action is given by Figure 
where dΩ 2 is the metric on the two-sphere. Note that the region L and R covered by the coordinates (t L , r L ) and (t R , r R ) respectively are the two causally disconnected open charts of de Sitter space 1 . The region C is covered by the coordinate (r C , t C ).
The solutions of the Klein-Gordon equation are expressed by
3) 
1 The point between R and L regions is a part of the timelike infinity where infinite volume exists.
where
are the associated Legendre functions and the index σ takes the values ±1 which distinguishes two independent solutions for each region [26] . Note that the effect of the curvature of the three-dimensional hyperbolic space starts to appear around p ∼ 1. And the effects gets stronger as p becomes smaller than 1. Thus we can probe the effect of the curvature on quantum entanglement by varying p. We define a mass parameter
The normalization factor for the solutions in Eq. (3.4) is given by
Since they form a complete orthonormal set of modes, the field can be expanded in terms of the creation and annihilation operatorŝ φ(t, r, Ω) = dp The Bogoliubov transformation between the Bunch-Davies vacuum and R, L vacua, derived in [18] , is expressed as
where |0 R , |0 L are annihilated by c R , c L respectively and
Note that in the case of conformal invariance (ν = 1/2) and masslessness (ν = 3/2), we find
The relation of creation and annihilation operators between the Bunch-Davies vacuum and R, L vacua is given by 10) where N p /N b is the ratio of the normalizations of the mode functions in the Bunch-Davies vacuum Eq. (3.6) and in the R, L vacua
The phase factor that appears in the Bogoliubov transformation is 12) and other variables which originally come from the coefficients of the Legendre functions in Eq. (3.4) areγ
where σ = ±1. u and v are given by We start with two maximally entangled modes with p = k and s of the free massive scalar field in de Sitter space,
We assume that Alice has a detector which only detects mode s and Bob has a detector sensitive only to mode k. When Bob resides in the L region, the Bunch-Davies vacuum with mode k can be expressed as a two-mode squeezed state of the R and L vacua 
Note that the overall phase factor stemming from Eq. (3.12) can be absorbed in the definition of states.
Since the R region is inaccessible to Bob, we need to trace over the states in the R region.
If we plug Eqs. (4.2) and (4.3) into the initial maximally entangled state (4.1), the reduced density matrix after tracing out the states in the R region is represented as
with |mn = |m s BD |n k L . This is a mixed state. 
Entanglement negativity
Let us calcuate the entanglement negativity, a measure of entanglement for mixed states, first. This measure is defined by the partial transpose, the non-vanishing of which provides a sufficient criterion for entanglement. If at least one eigenvalue of the partial transpose is negative, then the density matrix is entangled.
If we take the partial transpose with respect to Alice's subsystem, then we find
We compute the eigenvalues λ numerically and the resultant negative eigenvalues are plotted in the left panel of Figure 2 . We see that the negative eigenvalues for ν = 1/2 and 3/2 go to zero in the limit of k → 0. The negativity is defined by summing over all the negative eigenvalues
and there exists no entanglement when N = 0. However, this measure is not additive and not suitable for multiple subsystems. The logarithmic negativity is thus a better measure than the negativity in this scenario and is defined as
The state is entangled when LN = 0. We sum over all negative eigenvalues and calculate the logarithmic negativity. We focus on Alice and Bob's detectors for modes of momentum s and k, and thus don't integrate either over k, nor a volume integral over the hyperboloid.
We plot the logarithmic negativity in the right panel of Figure 2 . For ν = 1/2 and 3/2, the logarithmic negativity vanishes in the limit of k → 0, that is, in the limit of infinite curvature. This is consistent with the flat space result where the entanglement vanishes in the limit of infinite acceleration of the observer. Here we stress that the entanglement weakens, but survives even in the limit of infinite curvature for a massive scalar field other than ν = 1/2 and ν = 3/2 as can be seen from the left panel of Figure 3 . The logarithmic negativity as a function of the mass parameter ν is plotted in Figure 3 where we take k = 0.25. The qualitative feature of it is similar to the left panel of Figure 2 and we can read off that the entanglement gets smaller for ν = 1/2 and 3/2. The oscillatory behavior comes from the factor cos 2πν in γ k of Eq. (3.9) (p = k).
Quantum discord in de Sitter space
Next we calculate the overall quantumness of the system given by the quantum discord. We will make our measurement on the Alice's side. The quantum discord is
To calculate the above, we rewrite the state (4.4) as
where we define
3)
The state is split into Alice's subsystem (two dimensions) and Bob's subsystem (infinite dimensional). Then Alice's density matrix is easy to obtain as
and we get S(ρ A ) = −Trρ A log 2 ρ A = 1. For the von Neumann entropy of the whole system S(ρ A,B ), we need to find the eigenvalues of ρ A,B numerically. In order to calculate the quantum conditional entropy S(B|A), we restrict ourselves to projective measurements on Alice's subsystem described by a complete set of projectors
is the 2 × 2 identity matrix and σ are the Pauli matrices. Here, a choice of the x i corresponds to a choice of measurement, and we will thus be interested in the particular measurement which minimises the disturbance on the system. Then the density matrix after the measurement is
The trace of it is calculated as
where we used Π 2 ± = Π ± and
By using the parametrization
ρ B|± is found to be independent of the phase factor φ:
Thus, the quantum discord (6.1) is now expressed as
We will find eigenvalues of ρ A,B , ρ B|+ and ρ B|− numerically and find θ that minimizes the above D θ . The left panel of Figure 4 displays the result where the black line shows the minima of D θ for different values of k and we can read off that θ = π/2 minimize D θ . The right panel shows that D θ has a finite value even in a limit, k → 0, in which the entanglement vanishes. Note that the convergence of the sum for ρ A,B is not fast for ν = 1/2 and 3/2 in the limit of k → 0 because |γ k | 2m in the summation becomes 1, so we have truncated our plot for small k. 
Small scale limit
We can calculate the quantum discord (6.14) analytically in the k → ∞ limit for any mass of the scalar field. Since γ k k→∞ − −− → 0, the density matrix ρ A,B becomes
This can be factorized as 
Summary
In this work, we investigated quantum discord between two free modes of a massive scalar field in a maximally entangled state in de Sitter space. We introduced two observers, one in a global chart and the other in an open chart of de Sitter space, and then determined the quantum discord created by each detecting one of the modes. This situation is analogous to the relationship between an observer in Minkowski space and another in one of the two
Rindler wedges in flat space. In the case of Rindler space, it is known that the entanglement vanishes when the relative acceleration becomes infinite [8] . In de Sitter space, on the other hand, the observer's relative acceleration corresponds to the scale of the curvature of the open chart. We first evaluated entanglement negativity and then quantum discord in de
Sitter space. We found that the state becomes less entangled as the curvature of the open chart gets larger. In particular, for a massless scalar field ν = 3/2 and a conformally coupled scalar field ν = 1/2, the entanglement negativity vanishes in the limit of infinite curvature.
However, we showed that quantum discord does not disappear even in the limit that the entanglement negativity vanishes. In addition, we found that the entanglement negativity survives even in the limit of infinite curvature for a massive scalar field. In this paper, we considered a simple quantum state (4.1). It would be interesting to discuss quantum discord in the context of the multiverse [27] (see also related works [29, 28, 30, 31] ). It would also be desirable to find a way to prove if the large scale structure of our universe and temperature fluctuations of the CMB are originated from quantum fluctuations during the initial inflationary era. We will leave these issues for future work.
